Rhodococcus equi is a facultative intracellular pathogen that causes pneumonia in young foals but does not induce disease in immunocompetent adult horses. Clearance of R. equi depends mainly on gamma interferon (IFN-␥) production by T lymphocytes, whereas the predominance of interleukin 4 (IL-4) is detrimental. Young foals, like neonates of many other species, are generally deficient in the ability to produce IFN-␥. The objective of this study was to compare the cytokine profiles, as well as cell-mediated and antibody responses, of young foals to those of adult horses following intrabronchial challenge with R. equi. The lymphoproliferative responses of bronchial lymph node (BLN) cells to concanavalin A were significantly higher in foals than in adult horses. In contrast, adult horses had significantly higher lymphoproliferative responses to R. equi antigens than did foals. Infected foals had significantly lower IL-4 mRNA expression but significantly higher IFN-␥ expression and IFN-␥/IL-4 ratio in R. equi-stimulated BLN lymphocytes than did infected adults. Infection with R. equi in foals resulted in a significant increase in the percentage of T lymphocytes and CD4 ؉ T lymphocytes in bronchoalveolar lavage fluid in association with a significant decrease in the percentage of these cell populations in BLNs. Infection of foals also resulted in a marked increase in serum immunoglobulin Ga (IgGa) and IgGb levels, resulting in concentrations in serum that were significantly higher than those of adult horses. This study demonstrates that the immune response to R. equi in foals is not biased toward IL-4 and is characterized by the predominant induction of IFN-␥.
Rhodococcus equi, a gram-positive facultative intracellular pathogen, is one of the most important causes of pneumonia in foals aged between 3 weeks and 5 months. R. equi has also emerged as a significant opportunistic pathogen in immunosuppressed people, especially those infected with the human immunodeficiency virus (5, 12, 21) . As opposed to foals, adult horses are typically resistant to R. equi infections. R. equi, a soil saprophyte, is widespread in the environment (40, 41) . Unlike environmental R. equi, isolates from pneumonic foals typically contain an 80-to 90-kb plasmid encoding a family of seven closely related virulence-associated proteins, designated VapA and VapC to VapH (42) . Plasmid-cured derivatives of virulent R. equi strains lose the ability to replicate and survive in macrophages (18) . Plasmid-cured derivatives also fail to induce pneumonia and are completely cleared from the lungs of foals, confirming the absolute necessity of the large plasmid for the virulence of R. equi (18, 45) .
Study of the pathogenesis of R. equi infection has been complicated by the fact that typical granulomatous lung lesions have not been reproduced by R. equi infection in any immunocompetent species other than young horses. The normal murine lung can progressively clear an inoculum of R. equi sufficient to induce severe pneumonia in foals, suggesting that the results of studies of the pathogenesis of this infection in mice may not necessarily be extrapolated to foals. Nevertheless, most of what is known of immunity to R. equi comes from experiments with mouse models. Adoptive transfer of R. equispecific CD4
ϩ T-lymphocyte lines to R. equi-susceptible nude mice demonstrated that a Th1 response is sufficient to achieve pulmonary clearance, whereas a Th2 response is detrimental (30) . In addition, blockage of gamma interferon (IFN-␥) enhances disease in normally resistant immunocompetent mice (29) .
Immunity to R. equi in horses likely depends on both humoral and cell-mediated immune responses. Antibodies to the Vap proteins do not provide complete protection but have been shown to enhance the pulmonary clearance of R. equi following heavy intrabronchial challenge in foals (24) . Clearance of R. equi in adult horses is associated with a significant increase in bronchoalveolar lavage (BAL) fluid CD4 ϩ and CD8 ϩ lymphocytes, lymphoproliferative responses to R. equi antigens, development of R. equi-specific cytotoxic T lymphocytes, and IFN-␥ induction (22, 23, 31, 36) . The concentrations of R. equi-specific immunoglobulin Ga (IgGa) and IgGb are also dramatically enhanced in conjunction with pulmonary clearance in adult horses (31) .
How these findings with mice and adult horses relate to the foal remains to be determined. Analogy to human immunodeficiency virus-related R. equi pneumonia suggests either that foals are immunocompromised in some way or that infection with virulent R. equi alters the immune responses in foals. The recognized Th2 bias in the immune responses of neonates from many species (1) , along with the recent finding that young foals are deficient in the ability to produce IFN-␥ in response to mitogens, has led to the hypothesis that an IFN-␥ deficiency may be at the basis of their peculiar susceptibility to R. equi infections (8) . However, the facts that oral administration of live virulent R. equi to newborn foals confers complete protection against subsequent heavy intrabronchial challenge (10, 26) and that most foals on farms where the disease is endemic do not develop disease or develop subclinical disease and eventually clear the infection suggest that most foals have the ability to mount protective immune responses to R. equi.
As a basis for the present study, we hypothesized that, although foals have a naïve immune system, infection with R. equi results in adult-like IFN-␥ induction. To address this hypothesis, R. equi-susceptible foals and resistant adult horses were infected intrabronchially with a low inoculum of virulent R. equi. Lymphoproliferative responses, cytokine mRNA expression, lymphocyte subsets in BAL fluid and bronchial lymph node (BLN) cell populations, and Ig concentrations were measured and compared between groups.
MATERIALS AND METHODS
Preparation of R. equi for challenge. R. equi ATCC 33701, a virulent strain containing an 80-kb virulence plasmid, was used to infect foals (42) . Bacteria were kept as frozen stabilates. Aliquots of R. equi were grown on Trypticase soy agar (TSA) plates for 48 h at 37°C. Bacteria were harvested with 4 ml of sterile phosphate-buffered saline (PBS) per plate. The bacterial concentration was determined by counting CFU.
Animals, intrabronchial challenge, and study design. Ten foals between 7 and 10 days of age and 10 adult horses between 3 and 12 years of age were used in this study. Adequate transfer of passive immunity was confirmed in foals at 12 to 24 h of age by measurement of plasma IgG concentrations with a commercial immunoassay (DVM Stat; Corporation for Advanced Applications, Newburg, WI). Foals, together with their dams, were moved to individual stalls in an isolation facility on the day after birth. Adult horses were moved to the isolation facility at least 2 days prior to the beginning of the study. Prior to initiation of the study, all animals were determined to be healthy on the basis of a thorough physical examination, complete blood count, biochemical profile, cytology and bacterial culture of a tracheobronchial aspirate, and thoracic radiographs.
Prior to infection, animals were sedated with 0.5 mg/kg of xylazine hydrochloride and 0.05 mg/kg of butorphanol tartrate, given intravenously. Five foals and five adult horses were infected intrabronchially with an inoculum of 2 ϫ 10 4 CFU of R. equi per kg of body weight diluted in 50 ml of PBS. This corresponded to a total inoculum of approximately 1 ϫ 10 6 CFU for each foal and 1 ϫ 10 7 CFU for each adult horse. Five foals and five adults were used as controls and were given only PBS intrabronchially. A flexible fiber-optic endoscope was used to deliver 25 ml of the bacterial suspension or PBS into each main bronchus.
The day of infection was designated as day 0. Baseline values for heart rate, respiratory rate, temperature, white blood cell count, and fibrinogen concentration were obtained on day 0 prior to sedation. Serum was also collected for measurement of baseline Ig concentration. Animals were clinically assessed throughout the study based on daily complete physical examinations as well as twice daily heart rate, respiratory rate, and temperature recording. Serum and whole-blood samples for white blood cell counts and measurement of fibrinogen concentrations were collected again on day 15 postinfection, and BAL was performed. Euthanasia was performed immediately following collection of BAL fluid by intravenous administration of a lethal dose of pentobarbital sodium.
BLNs were collected aseptically and placed in sterile PBS for transport to the laboratory. All organs were examined macroscopically, and representative samples of normal and diseased lungs, as well as bronchial lymph nodes, were fixed in 10% buffered formol saline. The fixed tissues were embedded in paraffin, sectioned at 10 m, stained with hematoxylin and eosin, and examined histologically. The lymph node samples were graded 0 to 3 based on the severity of lymphoid hyperplasia and sinus histiocytosis. The pathologist was unaware of the source of the tissue sample. The numbers of viable R. equi cells in four dispersed and preselected loci of both lungs were enumerated by culturing serial dilutions of lung homogenates on TSA plates and counting the CFU. The eight sites were the craniodorsal, cranioventral, middle, and caudodorsal parts of each lung.
Collection of BAL fluid. BAL fluid was collected on day 15 postinfection. Animals were sedated with 0.5 mg/kg of xylazine hydrochloride and 0.07 mg/kg of butorphanol tartrate, given intravenously. A 10-mm-diameter and 1.8-m-long bronchoscope was passed via nasal approach into either the left or right lung until wedged in a fourth-to sixth-generation bronchus. The lavage solution consisted of four aliquots of 50 ml of physiologic saline (0.9% NaCl) solution infused and aspirated immediately. The total nucleated cell count in BAL fluid was determined by use of a hemacytometer. Slides of the BAL fluid were prepared by cytocentrifugation, and air-dried slides were stained with WrightGiemsa stain. A differential count was made by examining 200 cells. BAL fluid was centrifuged at 200 ϫ g for 10 min. Bronchoalveolar cells were washed and resuspended in 1 ml of freezing medium containing 90% fetal calf serum (FCS) and 10% dimethyl sulfoxide (DMSO). Cells were placed at Ϫ70°C for 4 h and then transferred to liquid nitrogen until being used for lymphocyte immunophenotyping by flow cytometry.
Preparation of R. equi antigen. Antigen for use in proliferation assays was prepared as previously described (31) . Briefly, R. equi ATCC 33701 was grown in brain heart infusion broth for 48 h at 37°C with agitation. The bacteria were harvested by centrifugation at 3,840 ϫ g for 10 min and washed with sterile PBS. Two milliliters of the bacterial pellet was resuspended in 10 ml of PBS, and the bacteria were disrupted by three cycles of freezing at Ϫ20°C and thawing in a water bath at 37°C. The sample was centrifuged at 12,000 ϫ g for 15 min at 4°C to separate the pellet of intact bacteria and debris. The resulting supernatant was further centrifuged at 25,000 ϫ g for 20 min at 4°C to obtain the soluble antigens. The same protocol was used to obtain soluble antigen for Corynebacterium pseudotuberculosis for use as a negative control in the proliferation assays.
R. equi antigen for use in enzyme-linked immunosorbent assays (ELISA) was prepared by a similar protocol except that the bacteria were further disrupted by sonication with 5-s pulses for 10 min and passage through a French press at 16,000 lb/in 2 . Disrupted cells were centrifuged at 13,000 ϫ g for 10 min, and the supernatant was used. The protein content of each resulting soluble antigen preparation was determined independently with the BCA protein assay kit (Pierce, Rockford IL). The preparations were aliquoted and frozen at Ϫ70°C until needed.
Preparation of BLN cells, cell stimulation, and proliferation assays. Cells used for proliferation assays were collected from BLNs. Briefly, BLNs were cut into 125-mm 3 pieces, and cell suspensions were prepared in glass tissue grinders. Mononuclear cells were harvested by density gradient centrifugation using endotoxin-free Ficoll-Paque (Amersham Biosciences, Pittsburgh, PA). Aliquots of 3 ϫ 10 7 cells were placed in 1 ml of freezing medium containing 90% FCS and 10% DMSO. Cells were placed at Ϫ70°C for 4 h and then transferred to liquid nitrogen until being assayed.
Immediately after thawing, BLN cells were washed twice and placed in Dulbecco's modified Eagle's medium supplemented with 10% FCS, 2 mM glutamine, 25 mM HEPES, and penicillin-streptomycin (100 U and 100 g per ml, respectively). More than 70% of the cells were viable after thawing, as assessed by trypan blue exclusion. Proliferative responses were assessed with a nonradioactive colorimetric assay. This assay has been shown to correlate closely with conventional radioactive [ 3 H]thymidine incorporation in many species, including the horse (3, 49) . Aliquots (100 l) of cells (1 ϫ 10 6 cells/ml) were placed in triplicate wells of 96-well black plates with flat, clear-bottom wells (Corning Inc., Corning, NY). Cells were separately incubated with no antigen (blank), 2 g/ml of concanavalin A (ConA) (positive control), 10 g/ml of C. pseudotuberculosis soluble antigens (negative control), or 10 g/ml of soluble R. equi antigen. Optimal concentrations of antigens and mitogen were determined based on a dose-response curve with soluble R. equi antigen and ConA, respectively. The cells were stimulated at 37°C for 72 h in 6% CO 2 . Twelve hours before the end of the assay, 20 l of Alamar blue (Accumed International Inc., Westlake, OH) was added to each well and fluorescence was determined with a fluorometer (Synergy HT; BioTek Instruments Inc., Winooski, VT) using an excitation wavelength of 530 nm. Emission was measured at 590 nm. The change in fluorescence was calculated as the mean of the stimulated cells minus the mean of the cells without antigen or mitogen (blank).
BLN cells used for quantification of mRNA expression were prepared exactly as described above with the exception that the cells were stimulated with the soluble R. equi antigen for 12 h. This time, selection was based on a timeresponse curve for IFN-␥ and interleukin 4 (IL-4) mRNA expression.
RNA isolation from BLN cells, DNase treatment of RNA samples, and cDNA synthesis. Isolation of total RNA from BLN cells was performed with the RNeasy kit (QIAGEN Inc., Valencia, CA) according to the manufacturer's instructions. The RNA concentration was measured by optical density at 260 nm (OD 260 ). All RNA samples were treated with amplification-grade DNase I (Gibco BRL, Rockville, MD) to remove any trace of genomic DNA contamination. Briefly, 1 U of DNase I and 1 l of 10ϫ DNase I reaction buffer were mixed with 1 g of total RNA for a total volume of 10 l. The mixture was incubated for 10 min at room temperature and then inactivated by the addition of 1 l of 25 mM of EDTA and heating at 65°C for 10 min.
cDNA was synthesized with the Advantage RT-for-PCR kit (Clontech, Palo Alto, CA) by using the protocol of the manufacturer. Briefly, 1 g of DNase-670 JACKS ET AL. CLIN. VACCINE IMMUNOL.
on September 6, 2017 by guest http://cvi.asm.org/ treated total RNA was mixed with 1 l of oligo(dT) 18 primer (20 M) and heated at 70°C for 2 min. After cooling to room temperature, the following reagents were added: 4 l of 5ϫ reaction buffer, 1 l of deoxynucleoside triphosphates (10 mM each), 0.5 l of RNase inhibitor, (40 U/l) and 1 l of Moloney murine leukemia virus reverse transcriptase (200 U/l). The mixture was incubated at 42°C for 1 h, heated at 94°C for 5 min, diluted to a final volume of 100 l, and stored at Ϫ70°C until being used for PCR analysis. Quantification of cytokine mRNA. Gene-specific primers and internal oligonucleotide probes for equine G3PDH (glyceraldehyde-3-phosphate dehydrogenase), IL-2, IL-4, IL-10, and IFN-␥ have been previously described (4, 16) . The internal probes were labeled at the 5Ј end with the reporter dye 6-carboxyfluorescein and at the 3Ј end with the quencher dye 6-carboxytetramethyl-rhodamine. Amplification of 2 l of cDNA was performed in a 25-l PCR mixture containing 900 nM concentrations of each primer, 250 nM TaqMan probe, and 12 l of TaqMan Universal PCR Mastermix (Applied Biosystems). Amplification and detection were performed with the ABI Prism 7700 Sequence Detection System (Applied Biosystems) with initial incubation steps at 50°C for 2 min and 95°C for 10 min followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. Serial dilutions of cDNA from equine blood mononuclear cells stimulated for 24 h with ConA were used to generate a standard curve for relative quantification of each gene of interest. Each sample was assayed in triplicate, and the mean value was used for comparison. Samples without cDNA were included in the amplification reactions to determine background fluorescence and to check for contamination. To account for variations in the amount and quality of the starting material, all results were normalized to G3PDH expression.
Flow cytometry for lymphocyte immunophenotyping. Immunophenotyping was performed on BAL and BLN mononuclear cells to determine lymphocyte subsets. All incubations and washes were performed at 4°C. After thawing, cells were washed twice in a PBS buffer solution containing 2% FCS and 0.1% sodium azide. Aliquots of 50 l containing 5 ϫ 10 5 cells were stained for 30 min with murine monoclonal antibodies binding to equine B lymphocytes (B29A; VMRD Inc., Pullman, WA), T lymphocytes (HB19A; VMRD Inc.), CD4
ϩ T lymphocytes (HB61A; VMRD, Inc.), and CD8 ϩ T lymphocytes (MCA2385; Serotec, Raleigh, NC). A monoclonal antibody of the same isotype but not reactive with equine cells was used as the negative control (MCA928; Serotec). After two washes in cold buffer solution, cells were incubated with rabbit F(abЈ) 2 anti-mouse IgG conjugated to fluorescein isothiocyanate (Serotec) for 30 min. Cells were washed and fixed in 1% paraformaldehyde. Analyses were performed with a FACSort flow cytometer equipped with Cell Quest software (BD Biosciences, Rockville MD). Data were collected from 10,000 events for each sample, with forward scatter and side scatter parameters used to gate the lymphocyte populations. Data were expressed as percentages of each subset within the gated population.
Determination of Ig concentrations. R. equi-specific IgM, IgGa, IgGb, IgGc, and IgG(T) concentrations in serum collected on day 0 (preinfection) and again on day 15 postinfection were determined by ELISA. Optimal dilutions of reagents were obtained by checkerboard titrations. Wells in Immulon II 96-well microtiter plates (Thermo Fisher Scientific, Waltham, MA) were coated at 4°C overnight with 10 g/ml of soluble R. equi antigen in carbonate-bicarbonate buffer (pH 9.6; total volume, 100 l/well). Plates were washed four times with PBS-0.05% Tween 20 between each of the following incubations. Plates were blocked with PBS-1% bovine serum albumin for 1 h at room temperature. Serum from each experimental animal was diluted 1:100, and 100 l was added to each well for 1 h of incubation at room temperature. To determine isotypespecific responses, 100 l of peroxidase-conjugated goat anti-equine IgGa (1:5,000), IgGb (1:5,000), IgGc (1:1,000), IgG(T) (1:1,000), or IgM (1:2,500) (Serotec) was added to the wells for 1 h of incubation at room temperature. After the addition of substrate (ABTS; Roche Diagnostics, Indianapolis, IN), plates were incubated for 45 min in the dark at room temperature and the OD 405 was measured. For each Ig subisotype measured, serum from a high responder was serially diluted to generate a standard curve for relative quantification of Ig concentrations in the experimental animals. The standard curve was run on each plate to correct for interplate variability. Wells incubated without serum were used as blanks to subtract out the background absorbance. Each sample was run in triplicate, and the mean OD was used.
Statistical analysis. The normality of the data and equality of variances were assessed with the Kolmogorov-Smirnov and Levene tests, respectively. A oneway analysis of variance (ANOVA) was used to compare lymphoproliferative responses, BLN hyperplasia scores, cytokine mRNA expression, and percentages of lymphocyte subsets between experimental groups (control foals, infected foals, control adults, and infected adults). Data that did not meet the assumptions for parametric testing were log transformed. In rare instances when a normal distribution of the data was not achieved despite transformation, data were analyzed with the Kruskal-Wallis ANOVA on ranks. A two-way ANOVA for repeated measurements was used to determine the effects of time (pre-versus postinfection), the experimental group (control foals, infected foals, control adults, and infected adults), and the interaction between time and experimental group on antibody concentrations. Variables that did not meet the assumptions of the ANOVA were rank transformed prior to analysis. When appropriate, multiple pairwise comparisons were done with the Student-Newman-Keuls test. Pearson product moment correlations were used to determine the strength of the relationship between each IgG subisotype and IL-4 or IFN-␥. The z statistic was used to assess significant differences between 2 coefficients of correlation. For each test, significance was set at a P value of Ͻ0.05.
RESULTS

Disease process and pathological findings.
To compare the immune responses of foals (susceptible to R. equi infection) and adult horses (resistant to R. equi), five foals and five adult horses were infected intrabronchially with a low inoculum of R. equi. Five foals and five adult horses were not infected and were used as controls. Animals were euthanized for sample collection on day 15 postinfection. All animals maintained a normal temperature, heart rate, and respiratory rate and showed no clinical evidence of disease. White blood cell counts and 
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on September 6, 2017 by guest http://cvi.asm.org/ fibrinogen concentrations also remained within normal limits throughout the study. All five infected foals had macroscopic pulmonary lesions. Approximately 5 to 15% of the lung tissue was firm and reddened, and there were multiple small nodular lesions up to 1 cm in diameter. The BLNs of infected foals were considerably larger than those of the other groups. All infected foals had histologic lesions of suppurative to pyogranulomatous bronchopneumonia. R. equi was cultured from the lung of each infected foal. The mean number of R. equi CFU (log 10 Ϯ standard deviation [SD]) in the lung tissue of infected foals was 5.77 Ϯ 1.22 per g of lung tissue. The lungs of control animals and those of infected adult horses were free of lesions, and bacterial culture was negative. Lymphoid hyperplasia and sinus histiocytosis were present in the BLNs of multiple animals in each group. There was no significant difference in the BLN hyperplasia scores between groups. R. equi-specific proliferative responses and cytokine profiles of BLN cells. To determine whether differences in proliferative responses and cytokine profiles contribute to the susceptibility of foals to infection with R. equi, responses of BLN mononuclear cells from susceptible, infected foals were compared to those of R. equi-resistant adult horses. Uninfected foals and adult horses were used as controls in these experiments. Proliferative responses of BLN cells to ConA were significantly higher in both groups of foals than in both groups of adult horses (Fig. 1A) . In contrast, infected and control adult horses had significantly higher proliferative responses to the soluble R. equi antigen than both control and infected foals (Fig. 1B) . There was no proliferation in response to stimulation with C. pseudotuberculosis (negative control; data not shown).
Infected and control foals had significantly lower IL-4 mRNA expression in response to in vitro stimulation of their BLN cells with R. equi antigen than both infected and control adults ( Fig. 2A) . Infected foals had had significantly higher IFN-␥ mRNA expression than control foals or infected adults (Fig. 2B ). Infected adult horses had significantly higher IFN-␥ mRNA expression than control foals but lower IFN-␥ expression than control adults (Fig. 2B) . The IFN-␥/IL-4 ratio of infected foals was significantly higher than that of all three other groups (Fig. 2C) . There was no significant difference in IL-2 or IL-10 mRNA expression between groups (data not shown).
BAL fluid cytology and lymphocyte subsets in BAL fluid and BLN lymphocytes. Cytological examination of BAL fluid and immunophenotyping of BAL and BLN cells were performed to determine whether differences in BAL fluid composition exist between R. equi-infected foals and adult horses and to characterize the subsets of BLN cells used for the proliferation assays and cytokine induction experiments described above. The total nucleated cell counts in BAL fluid were not significantly different between groups. The percentage of neutrophils in the BAL fluid of infected foals (17.2% Ϯ 12.3%) was significantly higher than that of all three other groups (mean Ϯ SD, 4.7% Ϯ 3.8%). The percentage of macrophages in the BAL fluid of control foals (84.4% Ϯ 7.2%) was significantly higher than that of both groups of adult horses (54.9% Ϯ 19.1%). The percentage of lymphocytes in the BAL fluid of control horses (37.8% Ϯ 18.6%) was significantly higher than that of both groups of foals (10.7% Ϯ 6.9%). There were no significant differences between groups for other cell types upon cytological examination.
The BAL fluid contained a significantly higher percentage of T cells in adult horses than in foals (Fig. 3A) . Adult horses and infected foals had a significantly higher percentage of CD4 ϩ T cells in BAL fluid than did control foals (Fig. 3A) . Adult horses on September 6, 2017 by guest http://cvi.asm.org/ Downloaded from also had a significantly higher percentage of CD8 ϩ T cells in BAL fluid than did both groups of foals (Fig. 3A) . The BLN cells contained a significantly higher percentage of T cells in control foals than in infected foals (Fig. 3B ). Infected adult horses had a significantly higher percentage of B cells in their BLNs than did the other three experimental groups (Fig. 3B) . Infected foals had a significantly lower percentage of CD4 ϩ T cells in BLNs than did control foals (Fig. 3B) .
Antibody responses and correlations between IgG subisotypes and the cytokine profile. Because antibody has been shown to contribute to protection against R. equi infection in foals, we sought to investigate the differences in IgM and IgG subisotype responses between infected foals and adult horses. Relative antibody concentrations between groups were determined by ELISA prior to infection with R. equi and again on day 15 postinfection. Infection of foals with R. equi resulted in a significant increase in IgGa, IgGb, IgGc, and IgM concentrations compared to preinfection values (Fig. 4) . Control foals had significantly reduced IgGa, IgGb, and IgM concentrations on day 15 postinfection compared to preinfection values, as a result of the waning of maternal antibodies (Fig. 4) . Postinfection IgGa and IgGb concentrations were significantly higher in infected foals than in both groups of adult horses ( Fig. 4A and  B) . Postinfection IgGc and IgG(T) levels were not significantly different between infected foals and adult horses (Fig. 4C and  D) . Infection of adult horses with R. equi was associated only with a significant increase in IgGb concentrations (Fig. 4B ). There were no significant changes in antibody concentrations in control adult horses during the study. IgM concentrations were significantly higher in adult horses than in foals regardless of infection status (Fig. 4E) .
To determine whether equine IgG subisotypes, like those of mice and humans, can reflect the Th1-Th2 bias of the immune response, we determined the strength of the relationship between each IgG subisotype and IL-4 or IFN-␥. There was a significant correlation between IgG(T) (P ϭ 0.04) and IgGc (P Ͻ 0.0001) and IL-4 ( Table 1 ). The coefficient of correlation between IgGc and IL-4 was significantly higher (P ϭ 0.02) than that between IgGc and IFN-␥ (Table 1 ). In contrast, the coefficient of correlation between IgGa and IFN-␥ was significantly higher (P ϭ 0.04) than that between IgGa and IL-4 (Table 1) .
DISCUSSION
Despite a central role for cell-mediated immune responses in protection against R. equi, most studies of foals have focused on antibody responses. The present study is the first to compare cell-mediated and humoral immune responses of R. equisusceptible foals to those of resistant adult horses following a controlled experimental challenge. Many studies of the pathogenesis of R. equi in foals have used an overwhelming challenge dose (Ͼ10 9 CFU/foal) that induces considerable pulmonary lesions within 3 days and fulminating clinical signs within 10 days of infection (18, 24, 28) . Epidemiological evidence indicates that most foals on farms where the disease is endemic become infected very early in life (27) . However, the median age at the time of diagnosis of R. equi pneumonia on such farms is approximately 37 days (17). These findings indicate that the incubation period under natural conditions is much longer than that after overwhelming experimental challenge, presumably because of a lower infective dose. The present study used a lower inoculum of R. equi (approximately 10 6 CFU/foal) to induce subclinical disease and to more closely reproduce the situation encountered following natural infection. The small and focal nature of pulmonary lesions may indicate that the foals of the present study were in the process of clearing the infection. Alternatively, it may just reflect a longer incubation period as a result of using a lower inoculum of R. equi. Disease resolution following experimental infection of foals with R. equi has been reported previously (33) .
In contrast to foals, adult horses are immune and very rarely develop R. equi pneumonia. Prior studies have shown that clearance of R. equi from the lungs of adult horses following intrabronchial challenge is associated with lymphoproliferative responses to R. equi antigens in BAL but not in peripheral blood lymphocytes (22) . Because of the paucity of lymphocytes on September 6, 2017 by guest http://cvi.asm.org/ lected 7 days after challenge with R. equi expressed predominantly IFN-␥, but they also expressed IL-4 mRNA in response to in vitro stimulation with R. equi antigen (31) . Almost identical results were obtained in the present study, with a mean IFN-␥/IL-4 ratio of 2.4 in infected adult horses. Although the present study is limited to the quantification of mRNA expression, a recent study has documented an excellent correlation between IFN-␥ gene expression and actual protein production in foals (8) .
The mechanisms regulating neonatal immune responses are not completely understood, regardless of the species. Cellmediated immune responses of murine and human neonates are generally thought to be biased toward a Th2 response (1) . In a recent study, peripheral blood and BAL mononuclear cells from newborn foals were deficient in the ability to produce IFN-␥ following ex vivo stimulation with phorbol myristate acetate (8) . In the same study, IFN-␥ production increased in an age-dependent manner, reaching adult levels around 3 months of age (8) . These findings have led to the hypothesis that foals are born with an inherent inability to mount a Th-1-based cell-mediated immune response, which may contribute to their susceptibility to R. equi (8) . The present study clearly shows that young foals can mount strong Th1-based immune responses to R. equi, as evidenced by their significantly higher IFN-␥ mRNA expression in BLN cells following stimulation with R. equi antigens and significantly higher IFN-␥/IL-4 ratio than those of adult horses. However, consistent with the findings of Breathnach et al. (8) , IFN-␥ induction in the uninfected control foals was considerably lower than that of uninfected control adult horses. These findings suggest that, like human and murine neonates, foals have the ability to mount adult-like Th1-based responses provided the appropriate stimulus. Consistent with these results, a previous study documented the presence of IFN-␥ but not IL-4 in the lungs of foals experimentally infected with R. equi (19) . Previous studies have shown that, although the default response is of the Th2 phenotype, murine neonates can mount Th1 responses provided the right antigen, dose of antigen, costimulatory signal, or type of adjuvant (2, 7, 15, 34, 38) . Similarly, human neonates also have the ability to mount strong Th1 responses. For example, vaccination of infants with Mycobacterium bovis BCG, a microorganism closely related to R. equi, induces IFN-␥ production of a magnitude similar to that produced by adults (32, 35, 44) .
Consistent with previous studies, the present study also found a significantly higher percentage of macrophages and significantly lower percentage of T lymphocytes, CD4 ϩ T lymphocytes, and CD8 ϩ T lymphocytes in BAL fluid of healthy foals than in healthy adult horses (6, 13) . Infection with R. equi in foals does not result in significant alterations in lymphocyte subpopulations in peripheral blood (14) . In contrast, infection of foals with R. equi in the present study resulted in a significant increase in the percentage of T lymphocytes and CD4 ϩ T lymphocytes in BAL fluid. This was associated with a significant decrease in the percentage of these two cell populations in the BLNs. Work with adult horses has also shown that immune responses to R. equi are compartmentalized, being detectable in the lungs but not in peripheral blood (22) . In the present study, inoculation of adult horses with R. equi resulted only in a slight but significant increase in the percentage of B cells compared to uninfected adults. This is in contrast to a previous study in which infection of adult horses with R. equi resulted in a significant increase in both CD4 ϩ and CD8 ϩ T lymphocytes (22) . Differences between studies may be explained by the different methods of inoculation. Although the size of inoculum was similar, the aforementioned study delivered the entire inoculum in a focal area of a lung (22) , whereas the present study delivered the bacteria into both main bronchi in an attempt to induce more generalized changes. Consistent with this theory is the fact that the BAL fluid changes reported by Hines et al. (22) were much more pronounced in BAL fluid from the infected lung segment than from that of the contralateral lung.
Focal pulmonary challenge with R. equi in adult horses results in mild increases in serum IgG(T) concentrations, along with marked increases in serum IgGa and IgGb concentrations (31) . Only a significant increase in serum IgGb concentrations was noted in infected adult horses in the present study. Foals showed marked increases in serum IgGa and IgGb levels following infection with R. equi, resulting in concentrations in serum that were significantly higher than those of adult horses. In a previous study, endogenous IgGb production could not be detected in foals until day 63 of age (39) . The present study clearly shows that much younger foals can mount a considerable IgGb response provided the right stimulus. In agreement with the current study, previous studies have also shown that foals naturally exposed to R. equi produce mainly IgGa but also IgGb (25, 43) . In mice and humans, IgG subisotypes are indirect indicators of T-cell responses, reflecting the role of Th1 and Th2 cytokines in class switching by B cells. The direct association between IgG subisotypes and the cytokine profile has not been established in horses. In the present study, IgGc and IgG(T) were associated with a Th2 (IL-4) cytokine profile, whereas IgGa was more associated with a Th1 (IFN-␥) response. New terminology for equine IgG subisotypes (IgG1 to IgG7) has been proposed based on the complete map of the Ig heavy chain constant gene region (47) . However, the terminology has not been widely used in recent publications (9, 11, 20, 26, 48) . The new nomenclature has been difficult to implement mainly because commercially available reagents are still sold based on the original nomenclature. For example, IgGa (original nomenclature) is composed of both IgG1 and IgG2, IgGc is composed of both IgG6 and IgG7, and IgG(T) is composed of IgG3 and IgG5 (46) . Therefore, the use of the new nomenclature while reagents labeled based on the old terminology were being used would be very confusing. As a result of the lack of specific reagents for each IgG subisotype, the original nomenclature was used in the present publication.
In conclusion, the present study shows that foals have decreased lymphoproliferative responses to R. equi antigens compared to adult horses. However, their peculiar susceptibility to infection with R. equi cannot be explained by generalized IFN-␥ deficiency or inappropriate polarization of the immune response toward the Th2 phenotype. Further work is required to identify the fundamental host basis of the susceptibility of foals to R. equi pneumonia. 
